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Abstract--Currently two motivators are effecting change in
power systems education. First, the industry’s transition to a
more competitive environment is requiring changes in the content
and pedagogy of power systems education. Second, engineering
education as a whole is seeking to modify its curricula to reflect a
better balance between science and education in order to better
meet the needs of industry. These curricular changes are largely a
result of revised ABET accreditation requirements. In response to
these changes, new curriculum and analysis tools were developed
for a power systems capstone design course. The project inte-
grates market economics and socio-political considerations with
transient stability analysis and transmission planning. A power
systems analysis package and an economic analysis tool were de-
veloped for use with this project. Student evaluations of the
course in which the project was implemented indicate that the
curriculum successfully addresses a broad range of ABET ac-
creditation criteria.

Index Terms—Capstone Design, Engineering Education,
Power System Operation, Simulation, Transient Analysis.

I. INTRODUCTION

A. The effect of deregulation on education

CONOMIC changes in the last decade and changes in the

power systems industry have led to a paradigm shift in
power system education. Although little has changed in the
physical nature of power systems from the time before deregu-
lation to the present, the types of skills sought by companies in
the energy industry are changing. In summary of the results of
a 1998 IEEE panel session on the state of power engineering
education worldwide, Karady et al. remarked that, “the de-
regulated, competitive utility industry needs engineers with
broader educational backgrounds. Basic knowledge in eco-
nomics and management together with communication skills
are required in addition to engineering knowledge [1].” As the
energy industry becomes increasingly competitive, the finan-
cial aspects of power systems become increasingly important.
Power engineers need a good understanding of the economic
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motivators that drive the industry in order to effectively con-
tribute in the new market. Similarly, the production and trans-
mission of electrical energy often has significant environ-
mental and social consequences. The power system engineer
should be aware of these consequences and how to mitigate
them. Naturally, energy market participants are still seeking
applicants with a strong understanding of AC power systems,
but current job listings indicate that employers are also looking
for applicants who understand financial markets, risk manage-
ment, marketing, optimization, information technology, and
broadband communications. Power systems educators and
curriculum developers must effectively prepare students for
the needs of the changing power industry.

B. Changes in engineering education

Engineering education is concurrently in a time of transi-
tion. Numerous reports have been written in the last two dec-
ades by organizations including the National Science Founda-
tion [2], the National Research Council [3], and the American
Society of Engineering Education [4], recommending changes
in the way that engineering students are educated. Although
their analysis of and recommendations for engineering educa-
tion vary, one common theme is that engineering education
needs to reflect a better balance between theoretical engineer-
ing science and practical application. In some ways this is a
reaction to the movement in the early 1950s to increase the
emphasis on science in engineering education [5]. The former
changes came about because the majority of engineering pro-
fessionals and academics did not participate in the develop-
ment of new technologies that emerged during World War II
because of the scientific background required for this type of
innovation [6]. By the early 1980s these changes had been
implemented so thoroughly that many in industry and some in
academia felt that engineering schools had become too focused
on pure science and that engineering graduates had become
irrelevant to engineering industry.

One of the first reactions to this perceived imbalance be-
tween science and application was the inclusion of a “design
component” in the ABET curricular requirements in the mid
1980s [7]. This requirement led most engineering schools to
include a senior design or capstone course in their curriculum.
The recent reports on engineering education are additionally
recommending that engineering education should seek to at-
tract a more diverse student population and that engineers



should be trained to think more carefully about the economic
and societal contexts of their work. One of the most visible
consequences of these reports is the Accreditation Board for
Engineering and Technology’s (ABET) Engineering Criteria
2000 (EC 2000) [8]. Currently the standard for engineering
accreditation in the United States and some schools elsewhere,
EC 2000 is forcing engineering schools to redesign their pro-
grams with the aim of better preparing students to work in en-
gineering professions.

EC 2000 requires that engineering programs include a “sig-
nificant design experience” in their curricula. This requirement
better defines the type of design curriculum that is to be pro-
vided for students. The new standard reads, “Students must be
prepared for engineering practice through the curriculum cul-
minating in a major design experience based on the knowledge
and skills acquired in earlier coursework and incorporating
engineering standards and realistic constraints that include
most of the following considerations: economic; environ-
mental; sustainability; manufacturability; ethical; health and
safety; social; and political.”[8] Also, EC 2000 requires that
engineering graduates be able to demonstrate effective design
skills upon graduation as well as being able to work in multi-
disciplinary teams, communicate effectively, and understand
contemporary issues. The capstone design course is a good
place in the engineering curriculum to address some of the
non-technical aspects of an engineering discipline. Due to
similar requirements, the new guidelines set out by ABET,
when appropriately implemented, may help power systems
programs improve their programs to better meet the needs of
the changing power industry.

C. The challenge of capstone design in power systems

Most capstone projects are essentially the design and im-
plementation of a new device to meet a given need. The pro-
ject is almost always the design of a completely new product.
This type of project is inappropriate for a power systems de-
sign course as the design of new electric utility power systems
is very rarely done in industry. Design in power systems usu-
ally entails incorporating new components into an existing
system, or perhaps merely the adjustment of the operation of
an existing system. Design within the context of a power sys-
tem is necessarily distinct from the design of a new electrical
device. Existing power systems are generally the result of nu-
merous sequential, possibly sub-optimal redesigns. Addition-
ally, design prototyping is nearly impossible in power system
design due to the cost and size of the components. In a power
system capstone course it is virtually impossible to implement
a design with circuit components as is done in many other EE
capstone courses. Power systems designs are generally com-
pleted on paper before they are implemented in the system.
Thus, simulation tools play a vital role in power systems de-
sign projects.

Some have resolved this difficulty by guiding students
through a power system analysis software design project dur-
ing the capstone course. For example, several years ago the
final design project in the power systems capstone course at
the University of Washington was to design a power flow

analysis program. While this allows students to interact with
power system science, it does not encourage students to learn
the types of practical design skills that the majority of energy-
industry employers are looking for. Other capstone instructors
have had students design and build a power systems compo-
nent such as a transformer or a relay. While this can introduce
students to some practical design skills, it is not truly a power
systems project because students are not required to interact
with an existing power system. In order to be a power systems
design course the project should challenge students to integrate
new components into an existing network or to create a plan
for changing the operation of an existing network to meet a
given set of requirements.

Furthermore, the non-technical impacts of power systems
are often more noticeable than in other EE disciplines. Deregu-
lation is a fundamentally economic endeavor that contempo-
rary power engineers must deal with extensively. Its effects
(both positive and negative) are felt by a substantial portion of
the population. This is currently noticeable in the Western US
where California’s deregulated market has been a major factor
in allowing bulk electric prices to jump orders of magnitude
higher than those before deregulation. Also, the construction
of a new transmission line, substation, or generator can have a
substantial impact on the land and the people living near the
new construction and is often the subject of close and critical
public scrutiny. If power system education programs are to
prepare students for success in industry these non-technical
issues should be dealt with at the undergraduate level. The
capstone design course provides an excellent forum in which
to address them.

II. THE TRANSIENT STABILITY DESIGN PROJECT

The goal in creating this design project was to create a
pseudo-realistic scenario that encourages students to combine
transient stability with economic, social, and political analysis.
To meet this goal we created a scenario where the fictional
“Western States System Operators Coalition” (WSSOC) has
decided to conduct an extensive review of the western inter-
connect. The WSSOC would be roughly equivalent to the pro-
posed RTO-West that will likely become the regional trans-
mission operator for the Western power grid in the not too
distant future. The WSSOC is looking into creating a plan for
system expansion that will help to relieve congestion on the
Northwest to California transmission corridor. They also plan
to create a schedule for West Coast transmission system trans-
fer limits and infrastructure growth considering transient sta-
bility limits and other technical and non-technical constraints.
They plan to hold a meeting during which concerned parties
will be allowed to present recommendations for how the
WSSOC system should be upgraded and operated during the
planning period.

In this scenario, several different fictional organizations
(such as the “Northwest Generators Coalition” and the “Citi-
zens for Reliable Electricity”) are seeking engineering repre-
sentation at this meeting. Student teams are asked to select an
organization to represent before the WSSOC. The student
groups must then prepare written and oral reports that explain
their team’s recommendations in detail. Students are expected



to investigate several different design options including system

expansion and operating limit changes and present the results

of their analysis. The best design option was to be chosen from
among those analyzed and defended in the students’ reports.

The following is a summary of the steps required to com-
plete this design project:

1. Find the stability transfer limit. This requires students to
increase the generation in the Northwest and the load in
California until the system is marginally stable based on a
given worst-case contingency. Students were allowed to
assume that this stability limit is constant for all combina-
tions of load and generation. A binary search tool super-
vising a transient stability time domain simulation was de-
veloped to automate this process and given to the stu-
dents.

2. Calculate the cost of congestion. The students were in-
structed to use hourly load data and an economic model
(see section 1IB) to estimate the congestion rent on the ex-
isting system given the current transfer limit.

3. Choose a new transfer limit. The transfer limit is defined
as the sum of the calculated limit and a safety margin. In
this part of the design process, students must consider the
interests of their client and use ethical and engineering
judgment. For example, the “Northwest Generator’s Coa-
lition” would probably advocate a lesser safety margin as
generators in the Northwest could benefit from the in-
creased ability to sell to the California market. Students
were encouraged to consider the interests of their clients
when determining an appropriate safety margin.

4. Calculate the cost of congestion. This was done using a
spreadsheet developed for this purpose (see section II B).

5. Choose several expansion options. The students were
given the options of either improving the system relays
and circuit breakers (reducing the fault-clearing time) or
building new transmission. The cost for each option is
given in the project documentation.

6. Find the transfer limits and costs of congestion for each
system expansion option with several different safety
margins.

7. Choose the best option considering the stability of the
system, the cost of expansion, the interests of their client,
and other relevant factors.

This procedure was not explicitly given to the students so dif-

ferent teams naturally followed different paths through this

design process, but the above steps were generally completed
by the student teams.

A. The Reduced WSCC System

As discussed in the introduction, power systems design pro-
jects require a power system model. The base case model for
this project was created to reflect heavy summer conditions on
the Western System Coordinating Council (WSCC) system as
represented by the NERC form 715 filing WSCC HS3SB [9].
The following criteria were used to develop the power system
data:

1. The system should be appropriately sized so that it can be
represented on a single page or computer screen and so
that the analysis of the system is computationally and con-
ceptually manageable. Conversely, the system should not

be so small that the analysis is trivial. The system should
convey some of the conceptual difficulty that comes with
large power system analysis.

2. The system power flow should be convergent for the base
case and for all line outage contingencies.

3. A relatively small increase in Northwest (NW) to Califor-
nia (CA) transfer should cause a transient stability prob-
lem.

4. The system should, at least marginally, reflect peak sum-
mer operation of the actual WSCC system.

These criteria were used to develop the 18-bus power system

depicted in fig. 1.
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Fig. 1. One-line diagram of the 18-bus WSCC system used for this project.

We did not consider it of first importance to create a model
that reflects the actual operation of the WSCC system with a
high degree of accuracy. Thus, the generators are modeled as
simple two axis machines with no AGC or exciter controls.
The system is also somewhat abnormal in that most of its
buses are generator buses. Despite these simplifications, the
model acts generally as a power system should in that it be-
comes more stable when the NW-CA transfer is reduced and
when additional transmission capacity is added.

B. Economic Model and Spreadsheet

In order to calculate the cost of congestion for the WSCC
system, an economic model of the system was developed. The
model was implemented in a spreadsheet which includes two
main components: fabricated hourly load data for all 4 areas
for each year between 1998 and 2008 and a means of calculat-
ing the constrained and unconstrained energy costs given the
load data. The annual load data was estimated using 1998



monthly peak and mean load data for each area published by
the WSCC [10]. A weekly load cycle and some randomness
were added to this data to obtain hourly data for 1998. The
resulting load curves are shown in fig. 2. Estimated growth
factors published in the WSCC report are used in the spread-
sheet to obtain demand data for subsequent years.
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Fig. 2. Demand for the 4 WSCC Areas in 1998.

Several simplifying assumptions were made in order to sim-
plify the congestion cost calculation. First, we assumed that all
trades between the Northwest (NW) and California (CA) occur
at a single price. This assumes that there is perfect competition
and perfect price information. We also assume that transaction
costs are negligible. With these assumptions we can lump the
California power market and the Northwest power market into
large market participants with non-decreasing incremental cost
(or supply) curves. We further assume that the supply curves
are linear. Observation of the actual California power market
will quickly show that this assumption is inaccurate as price
increases at a dramatically increasing rate when the demand
approaches the available capacity. Nevertheless, this assump-
tion simplifies the calculations substantially so the linear
model was used. The two linear supply curves for the NW and
CA areas can be described with:

ICyy = ayy +byy, 'PGfNW (1)
ICcy=ac,+b, 'P67CA

where Pg 45 is the total generation in area AB, a and b are
scalars that define the incremental cost functions, and IC
represents the actual incremental cost for the area. In the un-
constrained case, the generation outputs can be determined by
setting the incremental cost functions for both areas equal.
Thus:

Ay + Dy 'PGiNW =dc,+bey 'PG7CA 2)
Although this market model is simple, it is useful for the pur-
poses of this project.

As a further simplification, we assumed that the generation
in the Rocky Mountain and Southwest areas is directly propor-
tional to the load at the current hour:

PGfSW = kgy 'prsw 3)

PGfRM = kpy 'PDfRM
where kg and kg, are scalars, and Pp g and Pp gy are the
power demand in the two areas. Additionally, we assumed that

the total system generation was equal to the total system load
(zero transmission losses):

=2 h )

From the above, the generation in the Northwest and Califor-
nia can be calculated, thus obtaining an unconstrained dispatch
for the system. Using the price or incremental cost of electric-
ity from (1) the unconstrained cost of energy was calculated
for the entire Northwest/California system for an entire year.

Given the unconstrained solution one can calculate the con-
strained solution. For the sake of the congestion calculation,
the transfer from the northwest (Tnw) was defined as the sum
of the total MW transfer outside of the NW area; thus:

Ty :PGfNW _PLfNW. (5)
If the dynamics of the system require that Tyw be limited at a
certain value (7, ) the system is congested and (2) will not
hold. P nw will necessarily be limited to:

Fo ww =P, w + Ty (6)
The incremental costs will thus no longer determine the gen-
eration in the NW and CA areas resulting in a difference be-
tween the unconstrained cost of electricity and the constrained
cost of electricity. The difference between the constrained and
the unconstrained cost is a measure of the market inefficiency,
and is necessarily positive (if there is congestion) or zero (if
there is no congestion) [11].

The spreadsheet gives students the ability to view the cost of
congestion for any year in the design period (1999-2008)
given the calculated transient stability limit (TSL), and a safety
margin (SM). This gives a value for the total transfer capacity
(TTC) which was defined as the difference between the tran-
sient stability limit (TSL) and the chosen safety margin:

TTC = TSL — SM 3)
The total transmission capacity was then used in the cost of
congestion calculation. Fig. 3 illustrates the relationship be-
tween transfer, price, capacity and demand.
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Fig. 3. Illustration of the relationship between demand, price and transfer.
Until the transfer reaches the TTC point the prices in the NW and CA areas
are equal. After this point the price in CA increases dramatically while the
price in the NW remains constant.Power System Simulation Tool



III. THE POWER SYSTEMS ANALYSIS TOOL

In order to facilitate this design problem an analysis tool
was developed which uses visualization to present calculated
results. The program (called PowerViz) was designed to give
students a fairly wide range of analysis options without the
level of complexity required by a professional power systems
analysis tool. The intention was to design a tool that allows
students to expend minimal effort understanding the software
and maximal effort solving power systems design problems.
Currently the program includes three modes: power flow, n-1
contingency, and transient stability. The user interface (UI)
design for this package was based on UI principles presented
by Mahadev and Christie in [12]-[14], including the concept of
task adaptive visualization [14]. The UI changes depending on
the current user mode, allowing the user to see information
that is most useful depending on the type of analysis that the
user is working on.

The power flow mode can be used to calculate and view the
power flow through the transmission lines of a system. The
program uses a simple Newton-Raphson algorithm to calculate
bus voltages and angles. The power flow data can be viewed
visually on the screen (as shown in fig. 4) or numerically via
the log file or a status bar in the lower left corner.

The n-1 contingency mode sequentially calculates the power
flow for every possible line outage and similarly displays the
results graphically. The UI used is based on the graphical
methods presented in [13].

The transient stability mode allows the user to simulate a set
of system events and view the time domain results. By choos-
ing this analysis mode the user is prompted to enter the se-
quence of events to simulate. This dialog box is shown in fig.
6. In it the user specifies the event type, the time, and the loca-
tion of each event. The dialog is programmed to only allow the
user to enter the data needed for a given event type. The inten-
tion is to enable students who have minimal understanding of
transient stability simulations use the program and understand
the results. The user is allowed to choose between a variety of
transient event types including:

1. Fault

Circuit Breaker Open / Reclose
Transmission Line Trip
Transmission Line Reclose

TR

. Generator Trip

Other events simulating the effect of shunt breaking resistors
on a generator bus and a fast relief valve for a generator are
included in the event options.

When the user selects “Run Simulation” the program com-
pletes a time domain solution of the system algebraic and dif-
ferential equations and displays the graphs selected by the
user. Fig. 5 shows the transient stability view for the worst
case contingency used to calculate the stability limit for this
design project.
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Fig. 4. PowerViz power flow mode visual interface. The 18 bus reduced
WSCC system is shown here.
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Transient Stability Simulation Table
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Fig. 6. PowerViz transient stability event entry dialog box.
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IV. RESULTS OF CLASSROOM IMPLEMENTATION

The design project presented in this paper was used during
the spring of 2000 and 2001 in a course entitled “Computer-
Aided Design In Power Systems” at the University of Wash-
ington (UW). This is the capstone course for the undergradu-
ate power systems course sequence. The transient stability
project was given to the students as the last of several small
projects in the course. Students were given about 3 weeks to
complete their analysis, design and reports. In general it seems
that the project effectively met the intended goals of the
course, although some improvement is possible. One possible
improvement is to allow students to initially develop a portion
of the economic analysis spreadsheet in order to better under-
stand the economic analysis process. The full spreadsheet
could be given to the students after this initial assignment to
simplify the complete analysis.

The goal in designing the curriculum for this course was to
engage students in projects that give then the opportunity to
develop skills that are applicable to the current power systems
industry as well as to meet EC 2000 requirements. As part of
the UW engineering schools accreditation self-evaluation
process students are asked at the conclusion of every engineer-
ing course to evaluate the course’s success in helping them
develop the skills required of engineering graduates by ABET.
Students were to evaluate how well the course prepared them
to meet each of EC 2000 criteria 3(a) through 3(k) on a scale
of one to seven. The results for this course (for the Spring
2000 offering) were higher than all other EE department cap-
stone courses in all but two of the eleven categories. The mean
rating for all capstone courses in all categories was 5.89
whereas the mean rating for this course was 6.71. These rat-
ings indicate that the course prepared students especially well
to demonstrate that they have: “(c) an ability to design a sys-
tem, component, or process to meet desired needs,” “(g) an
ability to communicate effectively,” and “(j) a knowledge of
contemporary issues.” [7] Additionally it was one of only 2
courses in the entire EE department that students felt gave
them “an understanding of professional and ethical responsi-
bility.” [7] These data are an indication that the design curricu-
lum developed for this course was successful. We set out to
develop curriculum that gives students exposure to a broad

range of issues. Students in the course felt like they were well
prepared in such topics as communications, contemporary is-
sues, and ethics.

V. CONCLUSIONS

In this paper a capstone design project has been presented
which helps students to develop both technical and non-
technical analysis and design skills. This project (along with
other curriculum designed for this course) was designed to
prepare students for employment in the current power systems
industry, as well as to satisfy ABET EC 2000 accreditation
criteria. Both a power system analysis software package and an
economic analysis spreadsheet were developed to help stu-
dents with the modeling and analysis required for this project.
The project was given to students during the spring of both
2000 and 2001. Data collected from students about the course
indicate that the course met ABET requirements significantly
better than other courses offered at the University of Washing-
ton during the same quarter. This data also indicates that this
course dealt with a broader range of topics than did other cap-
stone design courses. We believe that the type of curricula
used in this course, integrating technical and non-technical
instruction and projects through well designed design projects,
will lead to power systems graduates that are better prepared to
participate in the changing power systems industry.
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